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ABSTRACT 

Wehr,     Kenneth   E.       M.S.C.E.,     Purdue    University,    January 
1967.     "Shear    Strength   of   Reinforced   Concrete  T-Beams." 
Major    Professors:      Martin   J.    Gutzwiller    and    Robert    H.    Lee. 

This    research    is    an    experimental    study   of   the    ultimate 
load   behavior    of    reinforced   concrete   beams   which   fail    in 
shear.       Specifically,    the    objectives    of  this    investigation 
were : 

1.  to    observe   the   behavior    of   T-3eams   with  various 
shear    span-to-depth   ratios    and    amounts    of   web 
reinforcement    and 

2.  to   compare   these   beams    to    similar    rectangular  beams 
in   an   attempt   to    justify   the    standard    practice   of 
neglecting   the    effect    of   the    flange    on   the   shear 
strength    of    the  beam. 

Ten  T-beams   with   a    web   of    6    inches   by    13    inches    rectan- 
gular  cross-section   and    3-inch  thick   flange   of    30    inches 
total    flange  width  were    loaded   to   simulate   a    portion    of   a 
continuous    girder    subjected   to   concentrated    loads.      The   beams 
were   designed    so   that    the   critical    section    for    failure   was 
located   between   the    section   of    zero  moment    and   the    section 
of   maximum  negative   moment    -commonly   called    the    shear    span. 


xiv 


The  major   variables   were  the    shear    span-to-depth   ratio 
and   the    amount    cf   vertical    stirrups   within   the    shear    span. 
Beams   with   shear    span-to-depth   ratios    of    2.  86,     3.93,    and 
5.00   were   tested. 

Four   additional   beams   were   tested    as    simply-supported 
members   with  two  concentrated    loads.      The' major   variable    in 
these    beams   was    the   total    flange   width.       Beams    with   total 
flange   widths    cf    36    inches,     30    inches,     24    inches    and    nc 
flange   were  tested. 

It    was    found    that    as    the    shear    span-to-depth   ratio 
increased,    the    average    shear    stress    at    failure   decreased. 
The   comparison    of   T-beams    to    rectangular    beams    justified 
the   standard   practice    cf   neglecting  the   effect    of   the   flange 
on   the    shear    strength    of    a   beam. 

Detailed    discussion   of   the    failure    patterns   and 
individual   beam  behaviors    are    presented    along  with  a    summary 
of   test    results. 


INTRODUCTION 


Over  the  past  fifty  years  much  research  has  been  con- 
ducted on  the  behavior  of  reinforced  concrete  members.   The 
art  of  predicting  the  behavior  of  members  in  axial  compres- 
sion, combined  bending  and  axial  compression,  and  pure  bending 
has  been  developed  to  the  point  where  these  predictions  are 
quite  accurate.   Although  as  much,  if  net  more,  work  has 
been  done  with  members  subjected  to  combined  bending  and 
shear  stress,  the  predictions  for  the  behavior  of  such  mem- 
bers are  often  erratic. 

For  a  simply-supported  beam  with  two  equal  loads  placed 
near  the  center  (in  ether  words,  with  a  large  shear  span  to 
depth  ratio),  the  effect  of  shear  on  the  ultimate  strength 
of  the  beam  is  very  small,  if  not  negligible.   The  member 
will  fail  by  flexure  with  either  crushing  of  the  concrete 
or  initial  yielding  of  the  tension  steel  followed  by  crushing 
cf  the  concrete.   This  condition  of  loading  approaches  the 
case  of  pure  bending,  in  which  a  very  close  prediction  of 
the  ultimate  load  can  be  made. 

As  the  two  equal  loads  are  moved  toward  the  supports 
(or,  the  shear  span  to  depth  ratio  is  decreased),  the  shear 
begins  to  affect  the  formation  of  cracks  and  the  ultimate 
load.   The  flexural  cracks  will  begin  to  incline  toward  the 


load  as  the  load  is  increased.   Diagonal  tension  cracks  may 
also  form  independently  from  the  flexural  cracks  and  at  a 
location  closer  to  the  support.   These  independent  cracks 
form  near  the  neutral  axis  and  at  approximately  forty-five 
degrees  to  the  neutral  axis.   Once  the  diagonal  tension 
crack  has  formed,  there  are  two  typically  observed  types  cf 
behavior  which  may  occur.   One,  the  diagonal  tension  crack, 
once  formed,  spreads  immediately  or  at  a  slightly  higher 
load,  crossing  the  entire  cross-section  from  the  tension 
steel  to  the  compression  face,  splitting  it  into  two  separate 
pieces  and  hence  failing  the  beam.   This  type  of  failure  is 
referred  to  as  a  diagonal  tension  failure  and  occurs  suddenly 
and  without  warning,  and  is  most  frequently  observed  in  beams 
with  larger  shear  span  tc  depth  ratios.   Second,  the  diagonal 
tension  crack,  once  formed,  spreads  toward  and  partially  into 
the  compression  zone  but  stops  before  penetrating  to  the 
compression  face.   This  type  of  failure  is  called  a  shear 
compression  failure.   No  sudden  collapse  occurs,  and  failure 
load  is  usually  significantly  higher  than  that  at  which  the 
diagonal  tension  crack  first  forms.   This  behavior  is  chiefly 
observed  in  beams  with  smaller  span  to  depth  ratios. 

It  can  be  concluded  that  qualitatively  shear  affects 
the  behavior  of  beams  through  the  formation  of  diagonal 
tension  cracks.   The  formation  of  these  cracks  may  cause  the 
beam  to  simultaneously  fail. 


On  the  other  hand,  there  are  situations  in  which  the 
beam  is  not  capable  of  carrying  a  load  large  enough  to  cause 
a  diagonal  tension  crack.   Shear  limits  the  ultimate  strength 
of  a  beam  i_f  a  diagonal  tension  crack  forms  before  the  ulti- 
mate load  is  reached.   If  this  crack  does  not  form,  shear 
has  no  effect. 

When  a  critical  diagonal  tension  crack  forms,  an  in- 
ternal redistribution  of  stresses  must  take  place.   The 
crack  cannot  transfer  shear  stresses;  therefore,  the  longi- 
tudinal steel  must  by  dcwel  action  transfer  some  of  the  shear 
while  the  uncracked  concrete  cress-sect  ion  must  resist  the 
remainder.   Until  the  diagonal  crack  forms,  the  stress  in 
the  longitudinal  steel  and  in  the  concrete  is  proportional 
to  the  moment  in  the  beam.   The  formation  of  the  diagonal 
tension  crack  changes  this  distribution.   This  change  is 
referred  to  as  "the  redistribution  cf  internal  stresses." 

Figure  1(a)  illustrates  a  beam  without  web  reinforcement 
and  with  a  diagonal  tension  crack.   The  section  cf  the  beam 
to  the  left  of  the  crack  is  shown  in  Figure  1(b)  as  a  free 
body.   After  the  diagonal  crack  has  formed,  the  concrete 
above  the  crack  is  assumed  to  resist  the  entire  shear  force. 
In  reality  the  longitudinal  steel  transfers  some  of  the  shear 
by  dowel  action  but  this  transfer  is  believed  to  be  neglig- 
ible.  The  remaining  forces  on  the  free  body  are  the  tensile 
force  in  the  steel  (T)  ,  the  compression  force  on  the  con- 
crete (£■),  and  the  reaction  (R ) . 
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Figure  1.   Redistribution  cf  internal  stresses 


When  the  forces  in  Figure  1(b)  are  in  equilibrium,  it 
can  be  seen  that  the  steel  at  section  b-b  must  resist  the 
moment  at  section  a-a .   In  order  for  the  member  to  adjust 
to  this  redistribution  of  forces,  the  steel  section  at  b-b 
must  be  capable  of  the  increase  in  stress  due  to  the  diagonal 
crack.   If  the  beam  is  not  able  to  reach  a  force  equilibrium 
after  this  redistribution,  the  steel  will  yield  and  cause 
spontaneous  collapse  of  the  member. 

The  ability  of  a  beam  to  reach  a  force  equilibrium 
after  redistribution  of  forces  seems  to  depend  primarily 
upon  the  stability  of  the  compression  zone,  but  it  is  also 
affected  by  the  length  of  the  shear  span  and  the  percentage 


of    reinforcement.       In  the    case    of   a    simply-supported   T-beam, 
the   compression    zone   has    greater   stability  than   a    similar 
rectangular   beam. 

Although  many    specimens    tested    have    failed    in    shear- 
compression    at    loads    as    much   as    100%   higher   than    loads 
causing   the   critical   diagonal  tension   crack,    a    sufficient 
number    have    failed    in   diagonal    tension    simultaneously  with 
formation   of   the   diagonal   tension   crack   to    indicate   that   the 
diagonal    crack    load    should    be    used    as    the    ultimate    load 
carrying   capacity   of   a   beam  without   web   reinforcement.      Web 
reinforcement   has    little    or    no  effect    on   the   beam's   be- 
havior   prior   to   diagonal    cracking.       Measurements    have    shewn 
no   appreciable    stress    present    in   the    stirrups    prior   to 
cracking.       Upon   cracking,     only   the    stirrups    immediately 
crossed    by   the   crack    receive    a    part    of   the    stress    originally 
carried    by  the    concrete   before    cracking;    all    other    stirrups 
are    still   unaffected.      As   the    load    is    increased,    the    stir- 
rups   crossed   by   the   crack   are    stressed    proportional   to  the 
additional    load.      Besides   carrying   part    of   the    load,     stir- 
rups   add    shear    resistance    in   two   ether  ways:       (1)    by    re- 
stricting the    propagation   of   the   diagonal   crack   and    reducing 
its    penetration    into  the   compression    zone;    and    (2)    the    stir- 
rups   tie    the    longitudinal    steel   to  the    mass    of    the    concrete 
beam,     restricting  the    splitting    of   the    concrete    along   the 
longitudinal    steel.      A   specific   case    for   this   would   be   a 
simply-supported   T-beam    in   which  the    flange    splits    away    from 
the    stem    upon   failure    caused    by  diagonal   tension   cracking. 


With  the  addition  of  web  reinforcement,  this  splitting  is 
postponed,  at  least  until  much  higher  loads  are  applied. 

Beams  with  web  reinforcement  usually  fail  by  crushing 
of  the  concrete  after  the  stirrups  yield,  unless  the  per- 
centage of  web  reinforcement  is  so  high  that  the  stirrups 
do  not  yield  before  a  flexural  failure  occurs.   The  only 
time  the  beam  will  fail  suddenly  at  formation  of  the  diagonal 
tension  crack  is  when  the  percentage  of  web  reinforcement  is 
sc  small  that  the  reinforcement  yields  before  equilibrium 
is  reached. 

Since  stirrups  become  effective  after  formation  of  the 
diagonal  tension  crack  and  since  failure  is  usually  slow, 
it  would  seem  to  be  safe  to  design  web  reinforcement  for 
the  member  on  the  basis  of  ultimate  load  capacity. 

Development  of  Design  Procedure s 
For  the  case  of  an  ideal  material,  the  diagonal  tensile 
stress  at  the  neutral  axis  is  equal  to  the  unit  shear; 
therefore,  the  unit  shear  stress  has  been  used  as  a  measure 
of  diagonal  tension.   The  unit  shear  is  derived  as  follows. 
Consider  a  short  length  Ax  of  the  beam  in  Figure  2(a),  sub- 
jected to  a  constant  shear  V  and  moments  M  and  M  +  Am, 
Summation  of  moments  about  point  A  (Figure  2(b))  must  equal 
zero,  therefore 

At  jd  =  v  Ax 


(a) 


(" 


Mf    N.A 


s 


v1 


k 


j-C  +  AC 


V 


0 


M  +  AM 


vb 


T  +  AT 


Ax 
(b) 


T+AT 


Ax 

(c) 


v  (theoretical) 


_  j 


v  (average) 
(d) 


FIGURE      2.      SHEAR      STRESSES 


s 


or 

At  =  vAx 

Summation  of  horizontal  forces  (Figure  2(c))  must  also  equal 
zero,  therefore 

At  =  vb(Ax) 

Equating  these  two  values  for   At  gives: 

This  is  only  a  nominal  or  average  shear  stress,  based  on  the 
assumption  that  the  concrete  carries  no  tensile  bending 
stress.   It  ignores  the  complications  at  the  moment  cracks 
where  shear  concentrates  above  the  crack.   This  assumes  the 
unit  shear  stress  distribution  as  parabolic  in  the  compres- 
sion zone  and  constant  below  the  neutral  axis  (Figure  2(d)). 
This  equation  has  been  adopted  almost  universally  as  a 
measure  of  diagonal  tension  for  a  basis  to  design  for  shear. 

An  allowable  value  for  this  shear  stress  is  then  established. 

(3)  * 

Until  the  1963  ACI  Building  Code v  '    was  adopted,  this  allow- 
able value  was  established  as  a  percentage  of  the  compressive 
strength  with  a  set  upper  limit.   Most  American  standards 
before  the  adoption  of  the  1963  code,  as  well  as  the  AASHO 
specifications     at  present  (1966),  set  this  percentage  at 


* 

Superscripted  numbers  in  parentheses  refer  to  items  in  the 

Bibliography. 


.03  f  '  with  a  maximum  allowable  shearing  stress  of  90  psi 
for  members  without  web  reinforcement.   The  196  3  ACI  Code 
upon  recommendation  made  in  a  report  by  a  joint  ASCE-ACI  com- 
mittee 326     on  shear  and  diagonal  tension,  adopted  a  simple 
average  shear  produced  by  the  load  causing  the  first  diagonal 
tension  cracking  (dotted  distribution  in  Figure  2(d)).   The 
nominal  ultimate  shear  stress,  as  a  measurement  of  diagonal 
tension,  is  then  comouted  using  v   =  V  /bd.   The  shear 
stress  capacity  of  the  concrete,  v  ,  is  then  taken  as  a 
factor  of  the  concrete  strength  ( f ^)  ,  moment  to  shear  ratio 
(M/Vd),  and  percentage  of  longitudinal  steel  (p).   In  the 
case  of  T-beams,  the  flange  area  is  neglected,  therefore 
the  web  width  bj_  replaces  b  in  the  above  formula. 

Wherever   the  allowable  concrete  shearing  stress  is 
exceeded,  shear  reinforcement  is  required.   Once  a  diagonal 
crack  opens,  the  vertical  stirrups  act  in  tension  to  carry 
load  from  one  side  of  the  crack  to  the  other.   A  common 
analogy  (the  "truss  analogy")  considers  the  stirrups  acting 
as  tension  diagonals  and  the  concrete  acting  as  compression 
diagonals  in  the  form  of  a  truss. 

Using  the  truss  analogy,  the  strength  of  a  beam  with 
web  reinforcement  is  derived  as  fellows: 

9  =  inclination  of  compression  diagonal 

CI  =  inclination  of  stirrups 

s  =  horizontal  spacing  of  stirrups 

V  =  total  shear 


10 


(a) 


T  -* 


2 -T  4-  AT 


(b) 


Figure  3.   Basis  for  truss  analogy 


Vc  =  shear  assumed  to  be  carried  by  concrete 
V   =  shear  assumed  to  be  carried  by  stirrups 
A   =  area  of  a  stirrup 
f   =  stress  in  a  stirrup 
From  equilibrium, 

(1)  summation  of  vertical  forces  yields 


A   f   sind 
v   v 

sin© 


and    (2)    summation   of  horizontal    forces   yields 


At   =   A      f      cos  a      +   F      cos© 
v     v  c 


A      f      cos  a       +   A      f      sind       £^£ 
v      v  v      v  sin© 
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Assuming   constant    shear, 

At    -   All  -   Z£ 
jd      ■'    jd 


Equating   values    for    At    yields 

Vs 


v         ,-       ,  -,    /  ^  sinCL  , 

f    jd  (cosa  +  zzzo-) 


c 


Making    the    usual    assumption   that    9    =    45      yields 


Vs 

A      = (2) 

v 

f       jd    (ccsCX+    sind     ) 
v 


Since   the    uncracked   concrete    section   carries    a   certain   amount 
of    the    shear,    V    is    replaced    by   V      =   V    -   V    . 
Lett  ing 

A 

r   = —      (stirrup   ratio) 

bs    sinCL 

K   =    (sinCL    +   ccsd)    sinCL       (stirrup   efficiency) 


V 
s_ 

s  b  jd 

then    Equation    2    becomes 

rbs    sinCL       = 

or 


v      bid 
s       J 


f      jd    (ccsd     +    sind     ) 


v      =    rKf  (3) 

s  v 
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For  vertical  stirrups  (  &  =  90°),  K  =  1  and  Equation  3 
becomes 


v   =  r  f 

s       v 

Standard    design    procedure    in    this    country    is   to   assume    the 

total    allowable    shear    stress,    v,    equals    the    summation    of 

v      +    v    .       The    greatest    error    in   this    derivation    is   the 
c  s 

assumption    of    the    amount    of    shear   carried    by   the    uncracked 
concrete. 

Review   of    the    Literature 


Several    comprehensive    reviews   have   been   written   within 
the    last    few   years    on   the    shear    strength   of    reinforced    con- 
crete  beams.       An   excellent    review   of    work    in   this    area    up 
to    1951   was   written   by   Hognestad  .       Hognestad's    review 

was   brought    up  to   date  by   the   Joint    ACI-ASCE    Committee 
326*1'     in    1962    and    by   William  Harvey's    thesis^10      for   his 
MSCE   degree    in    1964.       It   would    seem   unnecessary   to    undertake 
such   a    review   again    at   this    time.      Therefore,     only    points 
which   pertain   directly   to   the    shear    strength    of    T-beams   will 
be    presented   here. 

In    a    study    of    previous    investigations.    Laupa ,     Siess,    and 
Newmark  derived   the    following   equation    for   the    moment 

at   which   a    simply-supported    reinforced    concrete   beam  without 
web   reinforcement   and    under   one    load    or  two   symmetrical 
concentrated    loads    fails    in    shear. 
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M  4. 5    f ' 

L,    =    (k   +    np')     (0.57 -£)  (4) 

bd      c  10 

Shea r-Comor ess  ion 
Moment 

This    equation  was    then    applied    to    simply-supported   T-beams 

with   a    slight    modification   made   by   a    shape    factor 

v      =      t  cr 

t         I      +    I      ' 
r  cr 


where  I   refers  to  the  moment  of  inertia  of  the  uncracked 

r 

rectangular    section  with   the    same  width   as    the    flange    of 

the  T-secticn,    and    I      refers   to   the    uncracked   T-secticn. 

I         refers    to  the    "straight    line"    cracked   transformed    sec- 
cr  ^ 

tion    since   both  have   very   nearly  the    same   moment    of    inertia. 

The    ccmoressive    area    A      of   the   T-section,     as    determined 

c 

by  the    conventional    "straight    line"    theory,     is    substituted 
for   bkd    and   Equation    4   may   then   be   rewritten   as 


M 
s 


A      d    f    F 
c  c      t 


0.57    - 

4.5    f 
c 

io5 

(5) 


Laupa,  Siess  and  Newmark  found  that  Equation  5  gave  reason- 
able agreement  with  test  results,  except  for  beams  with 
large  d/t  (structural  depth  to  flange  depth)  and  g/b, 
(flange  width  to  web  width)  ratios.   It  is  known  that  in 
such  beams  part  of  the  flange  at  some  distance  from  the  web 
does  not  resist  its  full  share  of  the  bending  moment.   This 
phenomenon  is  discussed  in  some  detail  for  an  elastic  medium 


14 


by  Timoshenko  .      This    reduction    in    effective   width   can    be 

counteracted   by   use   of   transverse    reinforcement    in  the   flange, 
thus    expanding  the   application    of   Equation    5. 

The    above-mentioned    study   also   concluded    that    the    shear 
strength   of   a    simply-supported   T-beam  with  web   reinforcement 
can   be    determined   by   the    same    expression   as    that    for    rec- 
tangular  beams 

P  2rf 

sw   _    ,  yw 

Ps  103 

where  P   is  from  Equation  5,  P    is  the  shear  strength  of  a 

s  sw 

beam  with  stirrups,  and  r  is  from  the  following  ecuaticn: 

A 


f    = 


b'  s    sin  Q, 


(4) 

In    another    study   conducted   by   Al-Alusi  it    was 

observed    that   the    presence    of    neither   mesh   reinforcement    in 
the   compression    flange    nor   compression    reinforcement    affected 
the    ultimate   or    cracking    strength   of   T-beams.       Al-Alusi    also 
observed    that    there   were   no    local   compression    failures    in 
either    the    regular    or   the    inverted    simply-supported   T-beam. 
The      inverted    T-beam  was    tested    in    such   a   way   that   the    flange 
/as    in   a    state    of   tension   rather  than   the    usual   compression. 
He    found   that   the    ratio   of   ultimate    shear    stress   to   cracking 
Shear    stress    (v   /v       ),    decreased   with   an    increase    in   the    a/d 
ratio   from    2.0   to    4.0,    but    then    remained    constant    for    a/d 
ratios    from   4.0    to    9.0.      The    quantity    a    is    defined    as   the 
shear    span,    which    is    the   distance   between   the    section    of    zero 


v. 


moment    and    the    section    of    maximum   moment. 

The    only  T-beams,    to  the    investigator's    knowledge,    that 
were   tested    as    restrained    beams    were    included    in    research   by 
Elstner,     Moody,    Viest,    and    Hognestad         .       It    was    found    that 
the   cracking,     as   well    as    the    ultimate    load,    was    much  higher 
for   the   T-beam  than    for   the    rectangular   beam.       At    eaual 
loads,    the    strains   measured    in    the    stirrups   were   approximately 
equal    in    the    rectangular    and    the   T-beam.       The    rectangular 
beam   failed    in    shear   before   the    stirrups    yielded    but   the 
T-beam 's    stirrups   were  well    into   the    yield    zone   before    shear- 
compression    failure    occurred. 


PURPOSE    OF    STUDY 

The    object    of   this    study   was    to    observe   the   behavior 

of   T -beams    with   various    shear    span-to-depth    ratios    and 
amounts    of   web    reinforcement.      These    observations   were   to 
be    compared    to   tests    en    similar    rectangular   beams,     in    an 
attempt    to    justify   the    standard    practice    of   neglecting  the 
effect    of   the    flange    on   the    shear    strength   of   the   beams. 
Observations   were   to  be   made   also   on   the   effect    of 
varying   the   width   of   the    flange    on   the    shear    strength. 
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TEST  SPECIMENS  AND  PROCEDURES 

The  first  series  of  four  beams  were  simply-supported 
beams  with  two  concentrated  loads  applied  at  the  third 
points.   All  the  other  beams  were  supported  at  two  points 
with  an  overhang  on  one  end.   A  load  (P^  was  applied  to 
the  cantilever  portion  and  a  second  load  (P.,)  was  applied 
to  the  beam  between  the  supports.   These  two  loads  were 
delivered  to  the  beam  by  a  steel  I-secticn  through  knife 
edges.   The  desired  ratio  of  P1   to  P2  was  obtained  by 
positioning  the  load  applied  to  the  I-secticn.   The  loads, 
the  shear  and  moment  variation,  and  the  details  of  the 
specimens  can  be  seen  in  Figure  4. 

The  web  of  all  specimens  was  a  6"  by  13"  rectangular 
section.   For  the  SS  series  the  total  flange  width  varied 
from  6"  to  36",  while  in  all  subsequent  series  the  total 
flange  width  remained  at  30".   The  flange  thickness  for  all 
specimens  was  3".   The  main  variables  were  a/d  ratio  and  the 
amount  of  web  reinforcement  within  the  critical  shear  span 
ii  ~  n 

To  restrict  failure  to  the  shear  span  "a",  an  excesssive 
amount  of  web  reinforcement  was  placed  in  the  other  shear 
spans. 
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Table    1.       Properties    cf   Test    Specime 


Beam        Flange 
Mo.  Width        a 
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FIGURE      4.         CROSS -SECTION       OF     TEST     SPECIMENS 
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The  longitudinal  steel  in  the  S3  series  consisted  of 
two  No.  6  bars  in  the  bottom  of  the  web.   The  remaining 
series  were  reinforced  with  two  No.  6  bars  in  the  tOD  and 
two  No.  5  bars  in  the  bottom  of  the  web. 

Materials 

Concrete  Mix 
All   concrete   was   made   with  Type    I    Portland   cement.      The 
concrete    strength  was    intended    to  be   maintained    at    4000    psi, 
but   varied    from  approximately    3500   to    4500    psi    at    seven 
days.      The    proportions    of   this    mix   by    saturated-surface-dry 
weight   were    1:2.06:3.51    (cement   to    fine    aggregate   to  coarse 

aggregate)    with   a   water-cement    ratio    (w/c)    of    .506   by   weight 

3 
and    a    cement    factor    of    6.12    sacks/yd    . 

Aggregates 
The    aggregates    used   were    purchased    from  Western    Indiana 
Aggregates    Corporation,    Lafayette.      The   coarse   aggregate  was 
a    natural    gravel    of    lh    inches    maximum   size.       In   the    laboratory 
it   was    separated    into  two   sizes   to   minimize    segregation 
during  handling   and    all    aggregate    larger    than   one    inch  was 
discarded.       By  Fuller's   Maximum  Density   Curve,    48   percent    of   No. 4 
to   1/2    inch     was   combined   with   52    percent    of    1/2    inch  to   1 
inch,    by  weight.      Average   properties    of   the    fine   and    coarse 
aggregate  were   as    shown  below. 
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Sp.    Gr. *                  Absorption*      Fineness   Modulus 
Fine                          2.64                                  1.57%  2.76 

Coarse  2.69  1.26%  1"    max.    size 

Based    on    saturated-surface-dry  weight. 

Gradation    of    Fine  Aggregate 

Sieve    Size  Percent    Retained 

No.         4 

8 

16 

30 

50 

100 

Reinforcing    Steel 

The    longitudinal    reinforcing  was    a   high    strength    steel 
with   the    average    properties    shewn    in   Table    2.      The    No.    5 
and    6    deformed    bars   were    rolled    from  the    same   heat.      The 
oroDerties    shewn    are    for   coupons    selected    at    random.      A 
representative    stress-strain   curve    is    shewn    in   Figure    59, 
Appendix   A.      The    deformations    met   the    requirements    of   ASTM- 
A305. 

The  Nc.  2  plain  bar  used  for  stirrups  in  the  overhang 
and  the  18"  interior  span  were  of  hard  grade  steel  with  an 
average   yield    point    of    50,000    psi. 
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Table    2.       Properties    cf   Longitudinal   Reinforcement    Steel, 


Yield    Stress  73.7    ksi 

Ultimate    Strength  117.0    ksi 
Modulus    of    Elasticity  29.6   x    10      psi 

Elongation    in    8"  14.8% 


The   No.    4   wire    used    for    stirrups    in   the   critical    shear 
span    "a"    was   a   very   soft   wire    (diameter   =    .220    inch).      This 
wire   was    obtained    from  Continental    steel   Corporation,    Kokomo, 
Indiana.       Several   coupons   were   randomly   selected   to   determine 
the    stress-strain    properties    shown    in   Table    3.      A   represent- 
ative   stress-strain    curve    is    shown    in    Figure    60,    Appendix 
A. 


Table    3.       Properties    of    Soft    Web   Reinforcement    (Series    SS 
II  T,     III  T). 


Yield    Stress  36.6   ksi 

Ultimate   Strength  52.9    ksi 

Modulus    cf    Elasticity  30.0   x    10      psi 


Another   type    of    soft   web   reinforcement   was    used    for 
Series    IV  T.      The    properties    of   this    steel   are    shown    in 
Table    4   and   a    representative    stress-strain   curve    is   given    in 
Figure    61,    Appendix   A. 
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Table  4.   Properties  of  Soft  Web  Reinforcement  (Series  IV  T) 

Yield  Stress  20.3  ks  i 

Ultimate  Strength  4  3.1  ksi 

Modulus  of  Elasticity  27.6  x  10   ps i 


Fabrication  and  Curing 
All  specimens  were  cast  in  3/4  inch  plywood  forms 
coated  with  a  polyester  resin  to  prevent  the  wood  from  be- 
coming rough  due  to  repeated  wetting  and  drying.   The  forms 
are  shown  partially  assembled  in  Figure  6.   The  flanges  were 
supported  to  prevent  the  form  from  tipping  during  casting 
of  the  specimens.   Tie  rods  were  placed  through  the  stem  of 
the  specimen  and  below  the  bottom  of  the  specimen  to  hold 
the  forms  together  during  casting. 

The  reinforcement  was  wired  into  a  rigid  cage,  with  the 
stirrups  wrapped  around  the  longitudinal  steel.   A  minimum 
of  1.4  inches  clear  between  the  longitudinal  bars  and  1.5 
inches  concrete  cover  was  maintained  by  wiring  the  longi- 
tudinal bars  to  the  stirrups.   The  cage  was  supported  in  the 
forms  by  placing  a  steel  bar  across  the  stem  and  resting  on 
the  bottom  of  the  flange  portion  of  the  forms.   Lateral 
position  was  maintained  by  using  wood  blocks  which  were 
removed  as  the  concrete  was  placed. 

The  concrete  was  mixed  in  a  tilting  drum  mixer  in 
batches  of  approximately  three  cubic  feet.   Control  (6"  by  12") 
cylinders  were  made  from  each  batch.   All  materials  were 
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weighed  out  before  beginning  to  mix  thus  minimizing  the  time 
required  in  casting  the  specimen. 

The  last  series  (IV  T)  was  mixed  using  a  stationary 
rotating  drum  mixer  with  eleven  cubic  feet  maximum  capacity. 
This  permitted  more  uniformity  throughout  the  specimen. 

Forms  were  left  on  as  long  as  possible  to  facilitate 
curing  the  specimen.   The  top  of  the  flange  was  covered  with 
moist  burlap  until  the  sixth  day,  when  both  the  forms  and 
burlap  were  removed  to  set  up  the  specimen  for  testing. 

Instrumentation  and  Te st  inq  Procedures 
An  Amsler  Pendulum  Dynamometer  with  automatic  load 
maintainer  was  used  to  actuate  remote  hydraulic  jacks.   A 
view  of  the  test  setup  and  details  of  the  setup  are  shown  in 
Figures  7  and  8  respectively. 

Steel  strains  were  measured  using  foil  type  SR  -  4 
electric  strain  gages.   Strain  gage  readings  were  taken  with 
a  Budd  digital  read-out  strain  indicator.   Strain  in  the 
longitudinal  steel  was  measured  at  the  point  of  maximum 
moment.   Strains  were  also  measured  on  those  stirrups  located 
within  the  critical  shear  span.   The  actual  location  of  each 
of  these  gages  is  indicated  on  the  crack  pattern  sheets.   All 
strain  gages  were  applied  and  waterproofed  as  described  in 
Appendix  B. 

Compressive  strains  were  measured  in  the  concrete  at 
points  described  on  the  crack  pattern  sheets.  To  provide 
for  Whittemore  gage  points,  steel  plugs  were  placed  in  the 
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FIGURE    6.      FORMS    PRIOR   TO   PlACING    CONCRETE 


FIGURE       7.       TEST      SET-UP 
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forms  with  five  inch  gage  lengths  before  the  specimen  was 
cast,  so  that  they  would  be  embedded  in  the  concrete.   The 
displacements  were  measured  to  the  nearest  .0001  inch. 

Vertical  deflections  were  measured  at  the  quarter 
points  for  the  simple-span  series  and  under  the  load,  P.  for 
the  cantilever  portion  of  the  restrained  series  using  Federal 
dial  gages  with  accuracy  to  the  nearest  .001  inch.   These 
deflection  dials  were  mounted  en  solid  supports  with  the 
movable  stem  of  the  gage  compressed  and  resting  on  an  alum- 
inum tee  which  was  mounted  on  the  bottom  of  the  beam.   When 
the  beam  deflected,  the  stem  of  the  gage  moved  down  or  cut; 
thus,  upon  failure  of  the  beam  the  aluminum  tee  would  move 
away  from  the  gage  without  any  possibility  of  harming  the 
gage. 

The  sides  of  each  beam  were  painted  white  and  gridded 
so  that  the  crack  pattern  could  be  traced  and  later  recorded 
on  crack  pattern  sheets.   After  each  increase  in  load,  the 
crack  penetration  was  traced  and  the  load  marked  on  the 
beam. 

The  beam  was  loaded  in  increments  of  one  to  five  kips, 
with  decreasing  increments  used  as  the  load  approached  the 
ultimate  lead. 

Seme  of  the  concrete  control  cylinders  were  tested  in 
compression  with  the  remainder  being  tested  in  split-tension. 
Two  of  the  compression  cylinders  were  used  to  determine  the 
modulus  of  elasticity  of  the  concrete,  with  the  aid  of  a  ten- 
inch  extensometer  attached  to  the  cylinders. 
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TEST  RESULTS 

The  pertinent  test  results  are  given  in  tabular  form 
in  Table  5.   Pictures  of  the  beams  after  testing  are 
presented  in  Figures  9  thru  14.   Graphical  representations  of 
strains  and  deflections  are  presented  in  this  section  and 
tabular  values  can  be  found  in  Appendix  D.   Each  beam  has 
been  drawn  to  scale,  showing  the  crack  pattern  and  the  loca- 
tions of  Whittemore  and  SR-4  gages.   A  brief  discussion  of  each 
beam  is  presented  in  an  attempt  to  correlate  the  strains  and 
deflections  with  the  observations  made  during  the  test.   The 
loads  reported  are  total  applied  loads,  net  including  the 
weight  of  the  loading  set-up,  which  can  be  obtained  from 
Figure  7.   Note:   Figure  19  is  a  pictorial  explanation  of 
the  way  in  which  the  specimens  are  presented  on  the  crack 
pattern  sheets. 

The  critical  diagonal  tension  crack  in  beams  without 
web  reinforcement  was  easily  determined.   However,  for 
beams  with  web  reinforcement  the  effects  of  the  diagonal 
tension  crack  were  less  noticeable  and  a  definite  diagonal 
cracking  load  was  difficult  to  determine.   For  this  reason 
the  diagonal  cracking  load  is  herein  defined  as  the  load  at 
which  the  critical  diagonal  crack  was  observed  to  cross  the 
neutral  axis,  using  the  cracked-section  theory.   The  depth 
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BEAM   SS  -  4 


TYPICAL   BEAM   OF   SERIES 
(BEAM   SS-I) 


SS 


FIGURF      J.       BEAMS      A^TER      TEST-    SERIFS 
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BEAM        II T  — 


BEAM         HT-2 


BEAM        HT-3 


FIGURE      10.      BEAMS    AFTER     TEST   -    SERIES    ET 
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BEAM        HIT -I 


BEAM       HIT  -  2 


FIGURE    II.       BEAMS    AFTER      TEST   -     SERIES     ETT 
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BEAM     HIT  -3 


BEAM     HIT  -  4 


FIGURE    12.    BEAMS     AFTER     TEST  -   SERIES    HIT     (cont'd) 
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BEAM       I2T-I 


BEAM       ET-   2 


BEAM        EZT-  3 


FIGURE      13.        BEAMS     AFTER       TEST    -     SERIES      EZT 
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BEAM       EZT-I 


BEAM      1ST -2 


BEAM      BZT-3 


FIGURE     14.     TOP    OF     FLANGE      AFTER     TEST  -  SERIES    I2T 
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of   cracked-section   neutral   axis    for  the    restrained   beams 
was    3.66"    and    for   the    simply   supported    series   varied    from 
1.88   to    2. 27    inches. 

Series    SS 
This    series   was   tested   to  determine   the   effect   of   dif- 
ferent   flange   widths    on   the   behavior    of    a    simply    supported 
T-beam.      The   beams    were    12' -0"    long  with   the    flange    varying 
from   no   flange   to    36"    total    flange  width.       Equal    concentrated 
loads    were    placed    at   the   third    points    of   these    beams. 
These   beams    had    a    shear    span-to-depth    ratio    (a/d)    of    4.00. 
Whittemore    gage   points   were   embedded    in   the   top  and   bottom 
of   the    flange  to  determine   any  variation    in   the    strain   across 
the    flange.      These    gage   points    are    located   at   the   centerline 
of    span,    and    are   described    on   the   crack   pattern   sheets.      Two 
10"    gage    lengths   were    used   at    each   gage    location  and   the 
readings    were    averaged.      This    procedure   was    used   due   to  the 
low   strain    levels   which  were   encountered.      These    low   strains 
were   anticipated   because   the    calculated    ultimate    load    on   the 
beam  to  cause   a    shear    failure   was    approximately   half    of   the 
necessary    load   to   cause   a    flexural    failure. 

Beam   SS-1     (36"    flange) 
At   a    load    of    10-11      the    flexural   cracks   began   to   incline 
toward   the    loading   points.      With    increasing   load,    these 
cracks    continued   to  progress   toward   the    load    points   but   did 
not    enter   the    flange,    even  though  the   bottom   of   the   flange 
was    in   tension    (Figure    17).       (Note:      The    values    on   the 
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ordinate  axis  are  reference  values;  net  an  ordinate  from 
the  abscissa  axis.   Notice  the  point  of  zero  strain  indicated 
on  each  plot  in  the  center  section  of  each  graph.)   At  load 
of  19   the  critical  diagonal  crack  was  noticeable  on  the 
east  side  but  appeared  on  the  west  side  as  a  slight  inclina- 
tion of  a  flexural  crack.   This  crack  opened  slightly  more 
upon  increasing  the  load  to  21  ,  but  when  the  load  reached 
21.3   the  beam  suddenly  failed  in  a  diagonal  tension  mode. 
The  crack  extended  thru  the  flange  and  also  split  the  con- 
crete along  the  longitudinal  steel  back  to  the  support.   This 
splitting  continued  along  the  portion  of  the  longitudinal 
steel  which  was  bent  up  at  the  end.   The  constant  slope  of 
the  steel  strain  and  deflection  plots  (Figures  15  and  16) 
indicates  that  the  beam  did  not  show  any  signs  of  a  failure 
by  flexure. 

Beam  SS-2  (30"  flange) 
The  flexural  cracks  began  to  incline  toward  the  loads 
at  10-11  ,  as  was  the  case  with  Beam  SS-1.   The  first 
appearance  of  the  critical  crack  was  at  20   and,  with  an 
increase  in  load  to  22  ,  the  crack  progressed  a  small  distance 
as  can  be  seen  in  the  crack  pattern  of  the  west  side  (see 
Figure  19).   Then  with  a  small  increase  in  load  (to  22. 9k), 
the  beam  failed  as  this  crack  extended  through  the  flange  to 
the  Loading  point  and  back  to  the  support,  splitting  the 
concrete  away  from  the  reinforcing  steel.   The  flange  also 
cracked  at  the  point  where  the  diagonal  crack  in  the  stem 
reached  the  bottom  of  the  flange,  and  then  the  portion  of 
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the  flange  between  the  two  cracks  buckled  as  the  beam 
failed. 

Here,  as  in  Beam  SS-1,  the  steel  strains  and  deflections 
were  still  quite  linear  (see  Figures  15  and  16),  thus  indi- 
cating that  the  beam  had  not  shown  any  signs  of  a  flexural 
failure. 

Beam  SS-3  (24"  flange) 
The  flexural  cracks  started  to  show  the  effect  of 
shear  at  approximately  12   by  inclining  toward  the  loading 
points.   A  diagonal  crack  appeared  near  the  mid-height  of 
the  web  on  the  west  side  of  the  south  end  at  a  load  of  16  . 
With  an  increase  in  load  to  18  ,  this  crack  progressed  a 
small  distance  in  both  directions.   On  the  east  side  no 
diagonal  crack  could  be  found;  only  an  inclination  of  the 
flexural  crack  was  apparent.   At  a  load  of  20  ,  a  new  diag- 
onal crack  appeared  at  the  south  end  of  the  west  side  and 
opened  up  wide  but  the  beam  continued  to  carry  the  load. 
Again,  the  east  side  showed  only  a  small  diagonal  crack 
near  the  flange.   The  beam  continued  to  carry  the  load  until 
all  readings  were  taken  and  then  suddenly  failed  in  a  diag- 
onal tension  mode.   Here  again,  another  crack  formed  in 
the  flange  upon  failure  and  then  a  portion  of  the  flange 
buckled  (see  Figure  22).   The  concrete  split  back  along  the 
steel  as  it  did  in  the  two  previous  beams.   In  the  two  prev- 
ious beams  (SS-1  and  SS-2)  no  distinct  variation  in  the 
strain  across  the  flange  could  be  observed.   However,  the 
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concrete  strain  for  Beam  SS-3  showed  a  slight  decrease  near 
the  edge  of  the  flange  (see  Figure  18).   The  stresses  or 
strains  are  so  low  (455  Mil  max. )  that  this  could  very  well 
have  been  a  variation  in  the  readings  alone. 

Beam  SS-4  (No  flange) 

The  flexural  cracks  began  to  incline  toward  the  leading 

k  k 

point  at  a  load  of  approximately  6-8  .   At  a  load  of  20   the 

critical  diagonal  crack,  an  extension  of  a  flexural  crack, 

began  to  open  up  by  small  amounts  at  each  load  increase. 

The  ultimate  load  was  21  ,  and  the  beam  held  this  load  long 

enough  for  all  readings  to  be  taken  and  then  suddenly  failed. 

From  the  crack  pattern  sheet,  Figure  23,  it  can  be  seen 

that  the  cracking  pattern  of  this  beam  was  similar  to  that 

of  the  three  previous  beams.   The  flexural  cracks  came  within 

3  to  4  inches  of  the  top  and  then  stopped  until  failure.   In 

the  case  of  SS-4,  the  neutral  axis  was  4.00  inches  down  from 

the  top  (by  straight  line  theory).   The  neutral  axis  depth 

of  the  three  previous  beams  ranged  between  2.27  and  1.88 

inches,  but  the  flange  prevented  the  full  penetration  of  the 

flexural  cracks  in  these  beams. 
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EAST     SIDE     (As    seen     from    west    side) 


WEST     SIDE 
SR  -  4      Gage    Locations: 

No    6      Bar—    At    centerline    of     beam     (W  8  E) 
Whittemore     Gage    Locotions: 

,      Top    of    beam  -  0", 6",  12",  15",  17"    from  centerline   of    beam 
Edge   of    flange—    I ",  2"    down    from  top  of   flange 
Bottom    of  flange-  6",  I  2",  15",  17"   from     centerline    of  beam 


FIGURE     20.  BEAM      SS  —  I 
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WEST  SIDE 


SR  -  4     Gage     Locations: 

No.   6     Bar   —     At   centerline     of    beam     (E  &  W) 
Whittemore     Gage     Locotions 

Top  of    flange  -  0,6",9",I2",I4"   from    centerline    of  beam 
Edge  of  —   |'j  2"     down    from    top     of    flange 

Bottom  of  flange  -  6",9",I2",I4"   from    centerline    of   beam 


FIGURE     21.  BEAM      SS-2 
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EAST     SIDE  -   (As>  seen  from  west   side) 


SR-4     Gage    Locotions:      " 

No    6      Bar  —     At  centerline  of  beam  (W) 

Whitteniore    Gage     Locotions: 

Top    of    beam-  0",  3",6",9",8  n"  from    centerline    of  beam 
Edge    of    flange-    l"  8    2"  down    from    top    of     flange 
Bottom    of  _   6",9",ail"  "      centerline    of    beam 


WEST     SIDE 


FIGURE      22.         BEAM      SS-3 
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EAST       SIDE    (As    seen  from  west   side) 


SR  -  4      Gage     Locations: 

No.  6     Bar    -     At    centerline    of    beam    (W) 

Whittemore     Gage     Locations: 

Top    of    beam  —   o"  8  2"    from    centerline  of  beam 
0.5",  l'  ,2"  -down     from   top    of  beam     (W) 


WEST      SIDE 


FIGURE      23.         BEAM      SS  -4 
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Series  II  T 
The  beams  in  this  series  all  had  one  restrained  end 
with  the  ratio  of  restraining  moment  to  positive  moment 
(M  /M  )  equal  to  2.0  (see  Figure  4).   A  constant  flange 
width  of  30  inches  was  maintained.   The  amount  of  web  rein- 
forcement was  the  intended  variable  for  beams  in  this 
series. 

Beam  II  T  -  1  (No  Stirrups) 
All  measured  strains  and  the  deflections  of  the  canti- 
levered  end  were  very  small  until  the  occurrence  of  the 
first  tension  crack  through  the  flange  at  a  load  of  26.7  . 
This  crack  penetrated  to  within  about  4  inches  from  the 
bottom  face.   At  this  load  there  was  a  significant  increase 
in  the  strains  and  in  the  cantilever  deflection  (see  Figures 
24,  25  and  26).   The  next  cracks  to  appear  were  diagonal 
cracks  beginning  at  the  intersection  of  the  flange  and  the 
stem.   These  cracks  occurred  at  a  load  of  35  .   Also,  at 
35k,  a  longitudinal  crack  formed  along  the  chamfer  between 
the  stem  and  flange,  directly  over  the  support  on  the  west 
side.   With  subsequent  increase  in  load,  new  diagonal  cracks 
appeared  farther  from  the  support  and  extended  straight 
toward  the  support  as  well  as  into  the  flange.   At  a  load  of 
43  ,  a  new  diagonal  crack  developed  about  18  inches  from 
the  support  on  the  east  side  and  at  the  chamfer.   This  crack 
did  not  appear  on  the  west  side  until  a  load  of  46  was 
reached.   Upon  increasing  the  load  to  49  ,  this  cra_ck  extended 
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into  the  compression  zone  to  within  about   3  inches  from  the 
compression  face,  on  the  west  side.   The  entire  length  of 
this  critical  crack  was  not  observed  on  the  east  side  before 
the  beam  failed.   All  readings  were  recorded  and  cracks 
traced  prior  to  the  beam's  sudden  failure,   by  this  diagonal 
crack  opening  wide,  as  can  be  seen  in  Figure  32.   Upon  fail- 
ure, the  crack  extended  back  to  within  about  8  inches  of 
the  interior  load  point  before  splitting  through  the  flange. 
The  strain  distribution  (Figure  29)  indicates  that  the  neut- 
ral axis  moved  to  within  about  4  inches  of  the  compression 
face  at  a  load  of  approximately  40  .   This  plot  also  shows 
that  the  concrete  strain  1/2  inch  from  the  bottom  was  greater 
than  that  at  the  bottom  for  loads  greater  than  40  .   It  also 
indicates  the  stress  concentration  due  to  the  presence  of 
the  diagonal  crack. 

Beam  II  T  -  2  (Stirrups  at  6") 
The  first  flexural  crack  appeared  at  a  load  of  22   and 
extended  to  within  4  inches  of  the  support.   The  next  cracks 

to  form  were  inclined  and  originated  at  the  chamfer.   At  a 

if 
load  of  48  ,  short  diagonal  cracks  began  to  form  in  the 

chamfer  on  the  west  side,  and  with  increasing  load  these 
cracks  appeared  farther  from  the  support.   At  43  two  criti- 
cal diagonal  cracks  had  formed.   One  had  penetrated  to  a 
point  3  inches  from  the  compression  face.   The  ether  diagonal 
crack  was  farther  from  the  support  and  at  a  flatter  slope. 
By  59   the  latter  crack  extended  to  within  2  inches  of  the 
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bottom  side,  but  did  not  penetrate  any  farther  with  increased 
load.   At  a  load  of  61   a  loud  cracking  noise  was  heard  and 
the  load  dropped  off  to  56  .   At  this  point  the  gages  en  the 
stirrups  showed  that  all  the  monitored  stirrups  were 
yielding.   The  load  then  picked  up  again  and  increased  to 
68   before  the  beam  failed  by  crushing  of  the  concrete  at 
the  support. 

At  a  load  of  about  50   the  concrete  strain  began  in- 
creasing more  rapidly,  as  can  be  seen  by  the  change  in  slope 
of  the  concrete  strain  plot  in  Figure  26.   All  of  the  instru- 
mented stirrups  began  picking  up  strain  prior  to  a  load  of 

45  ,  but  stirrups  (b)  and  (c)  were  not  crossed  by  a  visible 

k        k 
crack  until  loads  of  48   and  52  ,  respectively  were  reached 

(see  Figure  33).   At  this  time  each  gage  showed  about  800 

micro-inches  per  inch  (Mil)  strain  in  each  stirrup. 

Beam  II  T  -  3  (Stirrups  at  3-1/2") 
The  first  flexural  crack  appeared  at  30  ,  with  subse- 
quent cracks  shewing  the  effect  of  diagonal  tension  by  in- 
clining toward  the  support.   The  crack  development  was  quite 
similar  to  that  of  Beam  II  T  -  2,  but  with  the  cracks 
beginning  at  slightly  higher  loads  in  the  case  of  Beam  II  T 
-    3.   The  critical  diagonal  crack  formed  at  a  load  of  60 
and  progressed  directly  toward  the  support  on  the  east  side. 
The  same  crack  opened  on  the  west  side  at  the  same  load  but  a 
new  diagonal  crack  just  below  the  first  crack  opened  at 
66K  and  progressed  toward  the  support.   At  75K 
the  second  crack  extended  back  toward  P2 ,  parallel  to  the 
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crack  which  appeared  at  60k.   The  longitudinal  steel  began 
yielding  at  a  load  of  64k.   By  failure,  the  first  flexural 
crack  had  opened  to  a  width  of  3/8  to  1/2  inch,  indicating 
the  ductility  of  this  beam,  which  can  also  be  seen  in  the 
deflection  plot  (Figure  25). 

Stirrups  (a)  and  (c)  began  picking  up  strain  at  a  load 
of  40k,  while  stirrup  (b)  did  net  pick  up  strain  until  a 
load  of  50k  was  reached.   However,  at  50k  both  stirrups  (a) 
and  (b)  had  been  crossed  by  a  diagonal  crack;  stirrup  (c) 
was  not  crossed  by  a  visible  crack  until  a  load  of  60  was 
attained.   At  60k  stirrup  (c)  had  a  strain  of  about  1200  Mil. 
Stirrup  (b)  had  reached  a  strain  of  about  1500  Mil  at  a  load 
of  66k  when  the  critical  diagonal  crack  load  was  first 
reached,  but  then  the  strain  dropped  off  to  1250  Mil  by  W    , 
indicating  a  decrease  in  stress  of  about  7500  psi.   This 
decrease  was  probably  due  to  redistribution  of  stress,  with 
an  increased  rate  of  strain  being  taken  by  stirrup  (a) 
beginning  at  64k  and  continuing  until  failure.   Maximum  lead 
obtained  was  7^k,  which  was  the  maximum  capacity  of  the  jacks 
being  used.   This  was  considered  the  ultimate  load,  since 
the  concrete  had  spa  lied  off  about  1  inch  up  from  the  bottom. 
Strain  of  nearly  6000  Mil  had  been  recorded  at  the  bottom 
surface  at  a  load  of  74k.   Also,  the  steel  was  well  into 
the  yield  zone  at  the  maximum  load  of  77  .   The  beam  was  still 
carrying  the  load  but  the  cantilever  was  continuing  to  de- 
flect without  increase  in  load. 
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to    failure 

ig    wide  at   failure 

in    Gage  Scale:     l"=  lO" 

BEAM    HT-I 
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EAST      SIDE        (As   seen  from   west  side) 


WEST    SIDE 


SR-4     Gage     Locations: 

No    6       Bar     —    At     support     (W) 


Whittemore      Gage     Locations 

0,0.$  l','2  ,3"      from      bottom    (W) ,    3  5"    from     support 


- — -v—    Cracks   prior   to   failure 

.  _  —    Cracks  opening    wide  at   failure 

-f       SR-4      Strain    Gage  '  Scale:     l"  =  10" 

FIGURE      32.        BEAM    HT-I 
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(c)  (b)  (a) 

-No    4      Wire      Stirrups,    ot     6" 

WEST    SIDE 


SR-4    Gage     Locations. 


No.  6     Bar  —  At    support     (W)  Whittemore      Gage      Locations: 

Stirrup    (a)—  5"    from     bottom  (W)  0,0.5",  l",  2",3",     from     bottom    (W),    3.5"  from     support 

(b)  _  9"       "  i.iii 

(c)—  9 "    ■ 


FIGURE      33.     BEAM      ET-2 
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EAST     SIDE     (As  seen    from    west    side) 


SR-4    Gage     Locations: 

No.  6     Bar  —      At    support      (w) 
Stirrup    (a)  —     4"    from    bottom  (W) 

(b)  —     6"       >" 

(c)—     9" 


(c)  (b)       (a) 

-No.  4     Wire      Stirrups      at     3.5"- 

WEST      SIDE 


1.75 


WhitteTTiore       Gage      Locations: 

0,0.5"  l", 2"  ,3"      from     bottom    (W),     3.5"  from     support 


FIGURE      34.      BEAM      IIT-3 
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Series  III  T 
This  series  had  an  a/d  ratio  of  3.93  and  a  shear  span 
cf  44  inches.   The  percentage  of  web  reinforcement  (A^/bs ) 
was  variable,  as  shown  in  Table  5. 

Beam  III  T  -  1  (No  Stirrups) 
A  load  of  30  was  reached  before  the  flexural  cracks 
reached  the  neutral  axis.   At  this  same  load,  diagonal  ten- 
sion  cracks  began  to  form.   At  40   a  distinct  diagonal 
crack  had  penetrated  into  the  compression  zone.   No  signifi- 
cant change  in  slope  of  the  load-deflection  or  steel  strain 
curves  occurred  at  any  time  prior  to  failure  at  49   (see 
Figures  35  and  37).   The  load  dropped  off  to  47   and  held 
there  for  a  short  time.   Then  the  beam  suddenly  failed  as 
the  critical  diagonal  crack  penetrated  through  the  compres- 
sion zone  to  the  support  and  slit  back  along  the  bottom  of 
the  flange. 

Beam  III  T  -2  (Stirrups  at  8") 
The  first  flexural  crack  formed  at  a  load  cf  23.6   and 
extended  down  to  within  2-1/2  inches  of  the  support,  with  a 
jump  of  1500  Mil  in  the  longitudinal  steel  strain.   The  next 
cracks,  as  in  the  Series  II  T  beams,  were  inclined  extensions 
of  flexural  cracks  but  were  farther  from  the  support  (see 
Figure  44).   The  first  inclined  crack  was  at  the  same  load 
and  in  the  same  location  as  in  Beam  III  T  -  1.   In  Beam  III 
T  -  1  this  crack  subsequently  became  the  critical  diagonal 
crack.   The  critical  diagonal  tension  crack  in  Beam  III  T  -  2 


p.e 


formed  at  a  load  of  40k  and  crossed  the  stirrup  on  which 
SR-4  gage  (b)  was  mounted.   All  the  gsges  on  stirrups  indi- 
cated no  strain  until  a  crack  had  crossed  them  or  just  prior 
to  the  crack's  crossing  them.   Stirrup  (c)  began  showing 
strain  at  35   and  was  yielding  by  a  load  of  40  .   This  could 
have  been  due  to  the  low  web  reinforcement  ratio.   The 

remaining  two  instrumented  stirrups  began  yielding  at  48  . 

k 

The  beam  failed  by  diagonal  tension  at  a  load  of  51.3  .   The 

longitudinal  steel  had  just  begun  to  yield  at  failure  but 
the  stiffness  of  the  beam  had  decreased  only  slightly  (see 
Figure  37). 

Beam  III  T  -  3  (Stirrups  at  5.5") 
The  crack  formation  was  similar  to  Beam  II  T  -  2,  which 
had  nearly  the  same  web  reinforcement  ratio.   The  diagonal 
crack  which  opened  on  failure  was  in  exactly  the  same  loca- 
tion for  both  beams  but  appeared  at  a  slightly  higher  load 
in  Beam  II  T  -  2  than  in  III  T  -  3. .    In  Beam  III  T  -  3  a 
diagonal  crack  opened  about  20  inches  from  the  support  at 
a  load  of  40k.   This  crack  penetrated  into  the  compression 
zone  to  within  2-1/2  inches  of  the  compression  face  at  a 
very  flat  slope.   The  beam  held  a  load  of  5  3   until  all 
readings  were  taken  and  then  failed  by  crushing  of  concrete 
at  the  head  of  the  diagonal  crack  adjacent  to  the  support. 
This  crack,  which  was  at  the  same  location  as  the  critical 
diagonal  crack  in  Beam  II  T  -  2,  opened  widely  on  failure 
and  extended  back  into  the  web  along  the  bottom  side  of  the 
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flange  about  36  inches  on  the  west  side  and  24  inches  on  the 
east  side  before  entering  and  extending  through  the  flange. 

Stirrup  (a)  began  picking  up  strain  at  a  load  of 
but  the  nearest  visible  crack  at  this  load  was  just  approach- 
ing the  stirrup.   Both  instrumented  stirrups  were  yielding 
at  a  load  of  51k.   A  concentration  of  strain  in  the  concrete 
at  the  bottom  surface  can  be  seen  in  Figure  41. 

Beam  III  T  -  4  (Stirrups  at  4") 
The  crack  formation  was  similar  to  that  of  Beam  II  T  -  3, 
which  had  nearly  the  same  web  reinforcement  ratio  as  this 
beam  (see  Figure  46).   The  critical  diagonal  crack  was  in 
almost  exactly  the  same  location  as  in  Beam  II  T  -  3,  but 
here  again  there  was  a  diagonal  crack  farther  from  the  sup- 
port than  the  critical  diagonal  crack.   The  critical  diagonal 
crack  in  this  beam  was  slighlty  closer  to  the  support  than 
in  Beam  III  T  -  3.   This  beam  failed  by  crushing  of  the 

concrete  at  the  support  after  the  tension  steel  had  yielded. 

k       k 
The  steel  began  to  yield  at  a  load  between  45   and  50  .   Near 

the  support  the  strain  distribution,  Figure  42,  shows  that 

1/2  inch  up  from  the  bottom  the  strain  was  much  greater  than 

at  the  bottom. 
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Series  IV  T 
This  series  had  an  a/d  ratio  of  5.00  and  a  shear  span 
of  56  inches.   The  web  reinforcement  was  varied  as  shown  in 
Table  5.   All  other  parameters  were  held  the  same  a s  in 
Series  II  T  and  Series  III  T.  -  A  new  supply  of  soft  stirrup 
steel  was  needed  for  this  series  and  it  was  found  to  have  a 
lower  yield  point.   Note:   Figure  14  shows  the  increasing 
number  of  cracks  within  the  flange  as  the  carrying  capacity 
of  the  beams  increased. 

Beam  IV  T  -  1  (No  Stirrups) 
At  a  load  of  25k  the  first  flexural  crack  appeared  in 
the  flange  penetrating  to  within  3  inches  of  the  bottom  on 
the  west  side  and  to  within  8  inches  on  the  east  side.   With 
increased  load,  inclined  cracks  began  to  form  in  the  shear 
span.   As  the  load  increased  to  36k,  a  diagonal  crack  pene- 
trated to  within  3  inches  of  the  bottom  on  the  west  side, 
with  a  new  crack  opening  near  the  flange  at  the  same  load 
on  both  sides  of  the  beam.   This  new  crack  penetrated  to 
within  1.5  inches  of  the  compression  face  on  the  east  side 
by  a  load  of  45k.   The  beam  failed  in  diagonal  tension 
suddenly   at  a  load  of  48k  and  this  crack  opened  wide, 
extending  back  along  the  chamfer  to  within  15  inches  of  the 
second  load  on  the  west  side  and  30  inches  on  the  east  side. 

The  strain  distribution  (Figure  51)  indicates  a  slight 
concentration  of  strain  above  the  extreme  compression  fiber, 
showing  the  effect  of  the  diagonal  crack. 
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Beam  IV  T  -  2  (Stirrups  at  12") 
The  first  inclined  cracks  to  appear  in  this  test  were 
at  essentially  the  same  loads  as  in  Eeam  IV  T  -  1  but  were 
farther  from  the  support.   By  a  load  of  39  ,  a  critical 
diagonal  crack  had  penetrated  to  within  2.5  inches  of  the 
bottom  on  the  east  side.   At  this  same  load,  a  new  crack 
formed  at  the  flange  and,  with  increased  load,  penetrated 

into  the  compression  zone  to  within  1.5  inches  of  the  beam 

k         k 
face  by  a  load  of  57  .   By  60   some  concrete  was  beginning 

to  crush  at  the  support  on  the  east  side.   This  crushing 
continued  until  a  load  of  61.3  was  reached,  at  which  time 
the  load  dropped  off  and  the  crack  opened  wider.   The  crit- 
ical crack  was  in  nearly  the  same  location  as  in  Beam  IV 
T  -  1. 

Stirrup  (a)  began  picking  up  strain  at  a  load  of  42  ; 
subsequent  increases  in  load  caused  only  a  small  increase 
in  strain,  with  a  total  of  only  550  Mil  at  failure.   The 
strain  distribution,  Figure  52  shows  a  strain  concentration 
1/2  inch  from  the  extreme  fiber;  this  again  indicates  the 
effect  of  shear  on  the  beam. 

Beam  IV  T  -  3  (Stirrups  at  8") 
The  initial  crack  pattern  of  this  beam  was  essentially 
the  same  as  that  of  Beam  IV  T  -  2.   By  a  load  of  42   a 


diagonal  crack  had  penetrated  to  within  2  inches  of  the 
bottom  surface.  By  57  another  crack,  farther  from  the 
support,  had  extended  to  within  1.5  inches  of  the  bottom. 
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With  an  increase  of  load  to  61. 3*,  the  beam  failed  by  crush- 
ing of  the  concrete  at  the  head  of  this  latter  crack.   The 
failure  was  a  shear  compression  -  flexural  tension  type. 

The  concrete  strains  remained  nearly  linear  until  Just 
prior  to  failure.   At  57k  the  strain  at  the  surface  increased 
out  of  proportion  to  the  remainder  of  the  compression  area, 
as  can  be  seen  in  the  increase  in  slope  of  the  concrete  strain 
plot  in  Figure  49.   The  stirrup  strain  plot  (Figure  50) 
shows  that  none  of  the   stirrups  picked  up  a  large  amount  of 
strain,  during  the  loading  program.   The  maximum  indicated 
strain  was  in  stirrup  (b)  ,  with  about  1,000  Mil  of  strain, 
which  was  beyond  the  yield  point  but  the  soft  wire  did  not 
behave  as  if  it  were  yielding.   Note,  the  yield  strain  for 

this  wire  was  approximately  700  Mil.   The  tension  steel 

k 
began  yielding  at  a  load  of  54  . 
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DISCUSSION  OF  TEST  RESULTS 


Modes  of  Failure 


All  beams  in  Series  SS  failed  by  diagonal  tension. 
This  behavior  has  also  been  observed  by  several  ether  in- 
vestigators (16)  to  be  typical  for  simply  supported  T-beams. 
The  stable  compressive  area  eliminates  the  possibility  of 
a  shear-compression  failure.   The  T-beams  behaved  essentially 
the  same  as  the  rectangular  beam  (SS  -  4).   The  major  dif- 
ference was  that  the  critical  diagonal  tension  crack  was 
pushed  closer  to  the  support  in  the  T-beams  than  in  the 
rectangular  beam. 

No  definite  relationship  between  type  of  failure  and 
a/d  ratio  could  be  observed  for  the  restrained  series.   The 
effect  of  the  diagonal  tension  crack  was  apparent  in  beams 
which  reached  their  flexural  capacity. 

The  critical  diagonal  cracking  load  for  all  three 
restrained  series  was  fairly  constant  unless  a  large  amount 
of  web  reinforcement  was  present.   When  a  large  amount  of  web 
reinforcement  was  present,  it  was  difficult  to  define  the 
critical  diagonal  cracking  load. 

Beams  II  T  -  3,  III  T  -  4,  IV  T  -  2,  and  IV  T  -  3 
failed  by  crushing  of  the  concrete  at  the  support  after 
significant  yielding  of  the  longitudinal  steel  had  taken 
place. 
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Factors  Affecting  Beam  Behavior 
There  are  four  major  factors  which  affect  shear  strength 
of  reinforced  concrete  beams:   concrete  strength;  percentage 
of  tension  reinforcement  7  shear  span  to  depth  ratio;  and  the 
amount  of  web  reinforcement  present.   It  was  intended  that 
the  first  two  parameters  be  held  constant  in  this  research. 
Some  unintentional  variation  in  concrete  strengths  occurred, 
however.   The  shear  span  to  depth  ratio  and  the  amount  of 
web  reinforcement  were  the  major  variables  investigated. 

Shear  Span  to  Depth  Ratio 
The  summary  of  test  results  in  Table  5  indicates  a 
decrease  in  average  shearing  stress  as  the  a/d  ratio  in- 
creases.  The  beams  having  nearly  the  same  concrete  strength 
and  the  same  tension  steel  show  the  following  results: 

*  * 

Series      a/d     Avg.  v   =  V/bd(psi)    Avg.  v   =  V/bd 

(ultimate  load) 


298 
194 
171 


* 
Avg.  of  all  beams  in  each  series. 

The  last  series  ( TV  T )  shows  an  increase  in  shear 

stress  over  Series  III  T  at  diagonal  tension  cracking.   This 

is  due  to  the  difficulty  of  defining  the  diagonal  tension 

cracking  load  for  Series  IV  T.   The  ultimate  shear  stress, 


(diagonal  tension 
cracking) 

II  T 

2.86 

205 

III  T 

3.93 

128 

IV  T 

5.00 

145 

95 


however,  decreases  as  the  a/d  ratio  increases. 

Percentage  of  Web  Reinforcement 
The  most  noticeable  effect  produced  by  the  addition  of 
stirrups  (besides  the  increase  in  strength  of  the  beam, )  was 
the  penetration  of  the  diagonal  cracks.   As  the  amount  of 
web  reinforcement  was  increased,  the  diagonal  cracks  pene- 
trated deeper  into  the  compression  zone  before  the  stirrups 
yielded,  prior  to  failure  of  the  beam.   This,  of  course, 
was  due  to  the  increase  in  load  required  to  fail  the  member 
because  of  the  presence  of  the  stirrups. 

As  the  web  reinforcement  was  increased,  the  shear 
strength  of  the  beams  in  Series  III  T  did  not  increase  as 
markedly  as  in  Series  II  T  and  Series  IV  T.   For  instance, 
Beam  TV  T  -  3  had  a  percentage  of  web  reinforcement  of  0.158 
but  did  not  resist  as  great  a  load  as  Beam  IV  T  -  2 ,  with  a 
percentage  of  0.105.   This  was  due  to  the  fact  that  the 
flexural  capacity  of  Beam  IV  T  -  2  was  exceeded  by  the  shear 
capacity. 
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ANALYSIS  OF  TEST  DATA 

Nominal  Shearing  Stress  at  Diagonal  Cracking 
The  Joint  ACI  -  ASCE  Committee  326  (1)  presented  a  semi- 
empirical  formula  for  predicting  the  resistance  to  diagonal 
tension  cracking.   This  equation  reads: 

vc  -  si  ■  i-»  vr +  25°°  ^  <6) 

This  equation  is  intended  to  predict  the  average  shearing 
stress  required  to  produce  diagonal  cracking  at  the  section 
under  consideration.   In  the  beams  tested,  the  critical  sec- 
tion was  one  effective  depth  (d)  from  the  support.   Hence, 
V/M  =  1/a-d  for  the  beams  in  the  restrained  series  and  V/M 
=  1/d  for  the  beams  in  the  simply  supported  series.   Using 
the  above  equation,  test  results  are  compared  in  Table  6. 
This  formula  was  quite  conservative  for  Series  II  T, 
which  had  an  a/d  ratio  of  2.86?  for  the  remaining  series,  it 
gave  a  good  prediction  of  the  average  diagonal  cracking 
load. 

Nominal  Shearing  Stress  at  Ultimate  Load 
A  comparison  of  the  measured  values  and  the  calculated 
values  for  ultimate  shearing  stress  is  given  in  Table  6. 
For  members  with  web  reinforcement,  the  Joint  Committee  326 
recommended  the  following  formula  for  ultimate  shear  strength: 
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In  this  equation,  v   is  the  portion  of  the  total  shear 

assumed  to  be  carried  by  the  stirrups,  as  given  by  the  truss 

analogy.   Thus,  v   =  k  A  /bs  f   ,  or  in  this  case  where 

s       v      vy 

K  =  1   v   =  Krf    (vertical  stirrups).   Therefore, 
s       vy 

Vu  =  U9  V^T  +  25°°  ^FT  +  Krfvy  (7) 

This  formula  gave  good  results  for  Series  IV  T  (with  large 
a/d  ratio);  it  was  quite  conservative  for  small  a/d  ratios. 
Series  III  T  gave  test  values  of  only  90%  of  the  predicted 
values.   For  beams  with  no  stirrups,  the  formula  predicted 
the  average  shear  strength  of  simply  supported  beams 
reasonably  well. 

In  Table  7  the  test  results  are  compared  to  the  current 
design  criteria  of  the  "Standard  Specifications  for  Highway 
Bridges  ^   .   These  specifications  state  that  the  allowable 
shearing  stress  (v  )  for  beams  without  stirrups  is  .03  f  ' 


a 


nd  no  greater  than  90  psi.   The  shear  stress  is  computed, 


using  v   =  V/bjd.   For  beams  with  stirrups,  the  allowable 
shear  stress  is  given  by 

v   =  r^r  =  90  +  r  f  (8) 

a    bjd  v 

In  this  equation,  f   is  the  working  stress  of  the  stirrup 
steel.   The  stirrup  steel  used  in  the  first  two  restrained 
series  was  of  structural  grade  which  met  the  ASTM  yield 
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Table  7.   Comparison  of  Test  Strengths  with  AASHO  "Standard 
Specifications  for  Highway  Bridges"  (5) 


*  * 

* 

Beam 

v    test 

r  f 

V 

v   test 

u 

V 

a 

u 

(psi) 

(psi) 

(psi) 

V 

a 

SS-1 

152 

90 

1. 

.69 

SS-2 

173 

-- 

-  — 

90 

1. 

.92 

SS-3 

152 

-- 

-— 

90 

1. 

.69 

SS-4 

166 

— 

-- 

90 

1. 

,85 

II  T-l 

226 



. 

90 

2. 

,51 

II  T-2 

314 

38. 

0 

128 

2. 

,45 

II  T-3 

355 

65. 

1 

155 

2. 

,29 

III  T-l 

180 



-  — 

90 

2. 

,00 

III  T-2 

188 

28. 

5 

119 

1. 

,58 

III  T-3 

195 

41. 

4 

131 

1. 

.49 

III  T-4 

213 

56. 

9 

147 

1. 

.45 

IV  T-l 

146 

_  - 



90 

1. 

,62 

IV  T-2 

187 

10. 

5 

101 

1. 

,85 

IV  T-3 

181 

15. 

8 

106 

1. 

,71 

* 

v      =    90    psi    for    beams    without    stirrups; 

v      =    90    +    r    f      for   beams   with    stirrups, 
a  v  ^ 

v      test    =   V   /bid    or    practically    8V   /7bd 
u  u      J  ^  2         xx 


LOO 


strength   requirements.      Therefore,    the   allowable   stirrup 
working   stress    for   those    series   was   f      =    18,000    psi.      The 
stirrup   steel    used    in   the    last   restrained    series,    however, 
was   a    softer    steel  with  a   yield    point    of    20,000    psir    there- 
fore,   a   working   stress   of    10,000   psi  was    used. 

The    smaller    shear    span-to-depth   ratio  had    the    largest 
factor    of    safety.      This   factor   of    safety  decreased   as   the 
shear    span-to-depth   ratio    increased. 

Moment  at  Shear-Compression  Failure 
Earlier  studies  (13),  (14),  (15),  (18)  have  shown  that 
the  load  at  shear  failure  may  be  correlated  en  the  basis  of 
the  failure  moment  at  the  critical  section.  With  the  nota- 
tion from  Figure  57,  an  analytical  expression  for  the  shear 
moment  capacity  may  be  derived  from  two  equations  of  statical 
equilibrium. 

From  equilibrium   of    longitudinal    forces: 


C      +   C 
c  s 


or 


Pbdf      =    k.    k,    f '    bd    k      +  A'    f '  (    9    ) 

s  13c  s  s      s 

From  equilibrium  of  moments  about  a  point  "0": 


M  =  c(d  -  k_k  d)  -  A'  f»   (d  -  d')  ( 10  ) 

s  2  s       s   su 


where 


kn    =   coefficient   defining  the   magnitude    of   the    force   C 
in  the    concrete    in   a    beam   at    failure, 
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k   =  coefficient  defining  the  position  of  the  force  C 

in  a  beam  at  failure 

k   =  ratio  of  the  compressive  strength  of  concrete  in 

a  beam  to  f ' 
c 

k   =  ratio  of  the  depth  of  the  compressive  zone  at  the 
critical  section  in  a  beam  at  shear  failure  to  the 
effective  depth  of  the  beam. 
Assuming  the  tension  crack  has  penetrated  sufficiently 
that  the  compression  steel  stress  is  negligible,  Equations 
9  and  ID  can  be  combined  to  give: 

M  f  k„     p  f  A 

s _  n  su  ,  .      2        su    . 

5 -  P  ,fT~  ^1  -  r — r -r-, )  where  p  =  r-r  . 

f -bcT         fc        h   k3     fc  bd 

The  only  unknowns  are  f    (stress  in  the  longitudinal  steel 
at  failure)  and  k_/k.k_  (properties  of  the  concrete  stress 
block) . 

For  the  case  of  flexural  compression  failure  the  steel 
stress  at  failure  may  be  determined  from  the  compatibility 
condition  for  strains.   Similarly,  the  shear  compression 
failure  stresses  must  come  from  strain  compatibility.   Hew- 
ever,  the  strain  distributions  for  the  two  cases  are  differ- 
ent in  that,  for  the  flexural  case  the  strain  distribution 
is  linear  and  continuous.   The  shear  compression  case  is 
probably  nonlinear  or  discontinuous.   Hypothetical  strain 
distributions  have  been  proposed  by  several  researchers,  two 
of  which  are  presented  in  Figure  57  . 
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Morrow     and  Moody     have  each  developed  an 

empirical  expression  for  steel  stress  based  en  their  Droncsed 

strain  distributions.   Morrow's  expression  was  obtained  from 

a  consideration  only  of  beams  without  web  reinforcement  while 

Moody  considered  some  beams  with  web  reinforcement  and  other 

beams  without  web  reinforcement.   Both  developments  were  based 

on  rectangular  beams  but  will  be  applied  to  T-beams  here,  en 

the  basis  of  the  standard  design  procedures. 

When  the  strain  distribution  proposed  by  Morrow     was 

used,  the  calculated  loads  were  conservative,  but  when  the 

measured  steel  stress  was  used  the  calculated  values  were 

much  higher  than  test  values.   The  calculated  values,  using 

0.4) 
the  strain  distribution  proposed  by  Moody    ,  were  very 

close  to  the  test  values  for  the  beams  without  stirrups  but 

were  unconservat ive  for  beams  with  stirrups.   In  both  cases 

the  measured  values  of  steel  strain  at  failure  were  signif- 

icantly  higher  than  the  calculated  values. 

The   beams    in    Series    I  IT    and    HIT  were    identical   except 

for   the   addition   of   flanges   to  the   beams    of    Series    113   and 

I I IB    in   Harvey's    research^  .       The   beams    in    Series    I IT 

and    IIB,    when   compared,    are    found   to  have   quite    similar 

ratios    for    P  /P      ,     j    however,     for    Series    HIT  the    ratio 

test      calc 

is   approximately  twenty   percent    lower   than    for   corresponding 
'beams    in   Harvey's    Series    IIIB. 

When  Morrow's    proposed    strain   distribution  was    used, 
the    Beams    IIT-1    and    IIIT-1   had    a    slightly   higher    ptest/pcalc 
ratio  than   companion  beams    from  Harvey's    research.      This 
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would    suggest    that   the    flange   does   net    add  to  the    shear 
strength    in   the   case   of    restrained   beams. 

Ultimate    Strength    in    Flexure 

Strains    in   tension    steel    for    Beams    IIT-3,     IIIT-4, 

IVT-3    and    IVT-4    indicate   that   the    section  was    at    or    near    its 

ultimate    capacity    in    flexure.       By  Whitney's    ultimate    strength 

approach    (using    f      =    7  5,000    and    f    =    4,000    psi), 

y  ^— 

A    f 


M      =   A    f       (d    -   rr)      where   a    = 
.u  sy  2 '  .  8  5  f  b 


M      =    632,000    in-lbs.     (neglecting  the    compression    steel) 


For    ultimate    crushing   adjacent    to   the  support    block, 
this   yields: 

Calculated   Values  Test    Values 

Beam      IIT-3:            P   =    ~~  =    67.8    k  P   =    77 


Beam      IIIT-4:         P   =    -^\Q   =    60.8    k  P  =    57.9 


Beams    IVT-2  P^9  P   =    61.3 

p   =      t)iZ      =    57    1    k 
IVT-3  n.ua  p   _    59_2 

As   can   be    seen    in  the   above   comparison,    Beams    IIT-3, 
IVT-2    and    IVT-3   withstood    loads    greater   than  the    predicted 
flexural    ultimate    strength.      While  the    load   vs.    steel    strain 
curve    (Figure  36)    indicates  definite   signs   of   yield,    Beam 
IIIT-4   failed   below  the    predicted    flexural    strength.      This 
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was    probably  due   to  the    effects    of   the   diagonal   tension 
crack.       Some   of   the   difference   between   calculated   and   test 
values   may  be   eliminated    if   the    possibility   of    strain   harden- 
ing   is    considered. 

Comparison    of    Shear    Strength   of    Rectangular    Section 

and    T-Section 

The   beams    in    Series    I  IT   and    HIT    are    essentially 
identical    to  beams    in    Series    I IB   and    IIIB    in    a    recent    in- 
vestigation   by   Harvey  ,    with   the    exception   of   the   addi- 
tion   of   a    3-inch   thick    flange    in   the    IIT    and    HIT    Series. 

Table    10    indicates    the    diagonal    cracking   and    ultimate 
loads    for   the    rectangular   beams   were    essentially   the    same    as 
those    for   the  T-beams.      The    last    two  beams    listed    in   Table 
10    failed    by   a    shear-compression-f lexural    tension  mode    for 
the   T-beam    Series,    thus    explaining  the    low   ratio.      This   may 
also  be    due    to   the   two  beams    in   the   T-beam   study  having 
approximately   450    psi    lower   compressive    strength  than  the   two 
beams    in   the    rectangular   beam   study. 

In   comparing  the  behavior   of   the    stirrups    in   companion 
beams    of    Series    IIT    and    Series    IIB^  ,     one    can    see   that 

once   a    stirrup   began    picking    up   strain,    the   behavior   was 
essentially  the    same    in   both   rectangular   and   T-beams.      How- 
ever,    in   order   to  develop  equivalent    strain  values    in   the 
stirrups    of    IIT   and    IIS,    a   higher    load   was    required    for  T- 
beams   than   for    rectangular   beams.      Consider,    for   example, 
Beam    IIB-2    (Figure    58)    and    Beam   I IT- 2    (Figure    28).       The 
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stirrups    in   Beam   IIB-2   began   yielding   at    a    load    of   approxi- 
mately   40      while   the    stirrups    in   Beam   IIT-2   did    not    yield 
until   a    load    of    59      was    reached.      The    ultimate    leads    for 
these   two  beams   were   essentially  the    same   value,    which  would 
indicate  that   the   rectangular   beam  had    additional    resistance 
to   shear   after   the    stirrups   began  to   yield  while   the   T-beam 
had   very    little   additional    resistance.       Basically  the    same 
behavior   was    observed    in   comparing   Beams    IIE-3    and    IIT-3. 
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SUMMARY  AND  CONCLUSIONS 

1.  The  beam  tests  reported  herein  indicate  two  general 
modes  of  shear  failure  in  reinforced  concrete  T-beams 
without  shear  reinforcement: 

a.  A  "shear  compression"  failure  occurring  at  the  sec- 
tion of  maximum  moment  and  shear  at  loads  substanti- 
ally greater  than  the  load  at  which  the  diagonal 
crack  first  penetrated  the  compression  zone.   Failure 
was  by  crushing  of  the  reduced  compression  zone 
adjacent  to  the  support,  following  significant 
redistribution  of  internal  strains. 

b.  A  "diagonal  tension"  failure  occurring  generally  at 
some  distance  away  from  the  support  at  a  load  equal 
to  or  only  slightly  greater  than  the  load  at  which 
the  critical  diagonal  tension  crack  formed.   Such 
failure  was  sudden,  occurring  with  little  warning. 

2.  For  beams  with  small  percentages  of  stirrups,  the 
failure  mode  was  essentially  the  same  as  for  beams  with- 
out stirrups,  after  yielding  of  stirrups  crossed  by  the 
critical  crack. 

3.  Beams  with  high  percentages  of  stirrups  behaved  essenti- 
ally the  same  as  beams  failing  in  flexure,  but  with  a 
diagonal  crack  opening  upon  failure  and  with  crushing 

of  the  concrete  at  the  head  of  this  crack. 
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4.  The    semi-empirical    formula    for    shear    stress   at   diagonal 
cracking  presented   by  the  Joint   ACI-ASCE   Committee    326 
gave   conservative   values    for  the    series  with  a/d    ratio 
of    2.86,    but    for   all   other    series    (with   greater   a/d 
ratios)    the   values   were   quite   accurate. 

5.  The   factor   of    safety    (ratio  of   ultimate    shear    stress   to 
allowable    shear    stress)    for   beams,     using  the   AASHO 
"Standard    Specifications    for   Highway  Bridges,"    (1961) 
ranged    from   2.51    for   the    smaller   a/d    ratio  down  to 
approximately   1.5    for    larger   a/d    ratios. 

6.  The    shear    stress   at   failure   decreased   with    increasing 
a/d    ratio,    but   the    series  with  a/d    ratio  equal  to   5.00 
had   a   higher    shear    stress   at   diagonal   cracking  than  the 
Series   with  a/d    ratio   of    3.93.      This   could   have  been  due 
to  the   difficulty   of   defining  the   diagonal   cracking   load 
for   the    larger   a/d. 

7.  Applying  Morrow's    proposed    strain   distribution   to  the 
shear-compression   failure   theory   gave   good    predictions 
for    failure    load   but   the   calculated    steel    strains   were 
only  about   half   of  the   measured    strains.      When  Moody's 
strain  distribution  was   applied,    the    predicted   values 
for   ultimate    load   were   unconservat ive,    but   the   calcu- 
lated   steel    strains  were   closer  to  measured   values  than 
Morrow's    predictions. 
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8.      For   the    limited    number   of    specimens   tested,    the   compari- 
son   of   rectangular   and   T-beams    indicates  that   the   practice 
of   computing  the    shear    strength   of   restrained   T-beams 
by  considering   only  the   web   of   the   beam   is    justified. 
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APPENDIX   A 
STRESS    -    STRAIN    PROPERTIES    OF    THE    REINFORCEMENT 

Figure    59    is    a    typical    stress-strain   curve   for   the 
longitudinal    steel    used    in    each  beam.      Figures    60   and    61 
are   typical    stress-strain    curves    for   the   web   reinforcement 
used.      The    steelrepresented    was    used    only    in   the    last    test 
series    in    Figure    61.       Note   that    these    are   not    average   curves 
but   typical   curves    of   one    of   the   coupons   tested    of   each 
material. 


11= 


www — p"^ — r !        "n 


a 
o 

-   - 
o 


Ui 


-^— 


:__ 


|1: 


Q 

o 


en 

UJ 


cc 
a. 


o 

_  o        ____- 

o  O 


__ 


TIT 


119 


120 


APPENDIX   B 
PROCEDURES    FOR    APPLICATION    AND    WATERPROOFING    OF    THE    SR-4 

STRAIN  GAGES 
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APPENDIX  B 
PROCEDURES  FOR  APPLICATION  AND  WATERPROOFING  OF  THE  SR-4 

STRAIN  GAGES 

SR-4  electric  strain  gages  (Budd  C-6-141E)  were  used 
for  all  beam  specimens.   The  installation  procedures  used 
were,  in  general  those  recommended  by  the  manufacturer  and 
are  given  as  follows. 

Surface  Preparation 
The  rib  of  the  reinforcing  steel  was  first  ground  off 
to  provide  a  wide  enough  area  to  apply  the  gage  and  a  pair 
of  terminal  pads.   Fine  sand  paper  was  used  to  remove  any 
deep  scratches  and,  in  general,  to  smooth  the  area  where  the 
gage  was  to  be  applied.   Acetone  was  applied  to  remove  any 
oil  or  grease  from  the  bar  and  care  was  taken  to  prevent  the 
gage  location  from  becoming  oily.   The  area  was  also  cleaned 
by  sanding  it  with  280  grit  silicon  carbide  paper  which  had 
been  dipped  in  metal  conditioner  (a  mild  acid  solution).   The 
metal  conditioner  was  wiped  off  with  a  tissue.   This  opera- 
tion was  repeated  with  a  fresh  piece  of  sand  paper.   Then 
conditioner  was  applied  with  a  cotton  swab  and  remained  on 
the  steel  about  30  seconds  before  being  wiped  off  with  a 
tissue.   Neutralizer  was  applied  with  a  clean  swab  and  was 
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was  left  on  for  about  30  seconds.   The  gage  location  was  then 
ready  for  application  of  the  gage. 

Gage  Application 
The  metal  foil  gage  was  placed  on  a  piece  of  cellophane 
tape  so  that  the  gage  could  be  handled  after  its  backing  was 
removed.   The  terminal  pads  were  placed  near  the  terminal  end 
of  the  strain  gage.   A  coating  of  accelerator  was  applied  to 
both  the  terminal  pads  and  the  gage  back.   This  accelerator 
was  allowed  to  dry  for  at  least  4  minutes.   The  gage  was 
then  placed  in  position  on  the  bar,  held  in  place  by  the 
cellophane  tape.   A  bead  of  Eastman  910  adhesive  was  placed 
on  the  bar  at  the  point  where  the  tape  was  stuck  to  it.   With 
a  tissue,  the  gage  was  rolled  down  from  one  end  to  the  other. 
Care  was  taken  to  hold  the  loose  end  away  from  the  bar  in 
order  to  prevent  the  formation  of  air  bubbles  or  wrinkles 
under  the  gage.   Pressure  was  applied  for  one  minute,  after 
which  the  tape  was  peeled  off  by  pulling  back  as  close  to 
the  bar  as  possible.   The  gage  was  inspected  to  insure  that 
it  was  completely  bonded.   The  lead  wire  was  then  soldered 
to  the  terminal  pad  with  a  fine  jumper  wire  connecting  the 
lead  wire  to  the  gage.   The  excess  resin  from  soldering  was 
removed  with  a  resin  solvent. 

Waterproofing 
The  gage  was  waterproofed  by  applying  a  thin  layer  of 
two-part  epoxy  waterproofing  over  an  area  slightly  larger  than 
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the  gage  and  terminal  pads.   The  waterproofing  v/as  extended 
up  the  lead  wire  for  a  short  distance.   It  was  purchased  fi 
the  Budd  Instrument  Division,  Box  24c',  Phoenixville,  Pennsyl- 
vania.  The  waterproofed  area  was  cured  for  one  hour  under 
heat  lamps  (at  150°  to  200°F).   The  final  gage  installation 
was  compact  in  size,  covering  an  area  of  approximately  IV 
long  and  1/3  the  circumference  the  bar  with  a  thickness  of 
about  1/9  inch.   A  typical  waterproofed  gage  can  be  seen  in 
Figure  62. 
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FIGURE    62.      TYPICAL   WATERPROOFED    GAGE 


APPENDIX   C 
SAMPLE    CALCULATIONS 


APPENDIX  C 
SAMPLE  CALCULATIONS 


Using  strain  distribution  proposed  by  Morrow  (15) 
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APPENDIX  D 
LOAD  -  STRAIN  DATA 
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Table  D."6.   Steel  and  Concrete  Strains  -  Peam  II 
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61-56  2^28  1622  6560  ■  .60  500  .    220  860   '    1.040  1480 

62      _  4890  1712  6680  21646  860  -  120  969  1120  1670 

64  6060  —  8^20  214".°  '  1060  -   20  1040  1220  1"00 

67  8050  B""!*3  —  1540  160  1140.  1320  "    1840    Ultimate 
■                     - 


* 

See  Figure     33       for   gage    locations. 
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* 
Table   D.7.'     Steel    and    Concrete    Strains    -•Beam    II   T   -    3 


Remarks 


_  Compression  Zone 

Load  No.  6  Bar  Stirrups  (Mil)   .  3~1/2"  FrCm  SuPPort 

(kips)  (Mil)  at 

Support  (a)  (b)  (c)     3"  Up  2"  Up  1"  Up  1/2"  Up    Bottom 

5  13  .6  4  4  40  40  60  2  0  30 

10  •      2"  -10  ^6  60  80  120  '   60   '    140 

15  42.  "  14  10  8  60  80  120  100  .  ,    130 

20  54  15  10  6  100  120  190  160  Ho' 

25  72  21  .  9  140  140'  200  '  .     160  110    Flange  cracked  29. 2k 

30  -      1340  16  9  2  160  200  360  380  360 

35  1595  14  11  9  120  3  10  460  500  550 

40  '  1835,  38  16  '21  120  "  260.  520  620  630 

45  204^  233  1"  221  120  260  600  "00  810 

50  226  3  619  41  656  80  2  80  680  800  9  80 

55  2544  ■  "  824  127  882  0  300  700  PRO  1030 


6 

4 

4 

-10 

7 

6 

"  14 

10 

8 

15 

10 

6 

21  . 

15 

9 

16 

9 

14 

11 

9 

38 

16 

'21 

233 

1" 

221 

619 

41 

6  56 

82  4 

12-? 

882 

938 

868 

114" 

927 

1024 

1220 

942 

"1235 

1280 

1020 

1400 

12  98 

1088 

1394 

1292 

1250 

12  34 

12  82 

1348 

1288 

12c9 

131"7 

13^6 

1267 

1330 

1860 

12"78 

1426 

2820 

1310 



5800 



40 

40 

60 

60 

80 

120 

60 

80 

120 

100 

120 

\'aQ 

140 

140  ' 

200 

160 

200 

360 

120 

7  10 

460 

120 

2  60. 

520 

120 

260 

600 

80 

2  80 

680 

0 

300 

700 

,  120 

260 

"40 

180 

300 

840 

2  80 

320 

840 

420 

720 

960 

520 

280 

980 

700 

260 

1100 

980 

200 

1280 

1100 

-160 

1360 

12  80 

-180 

1430 

1460 

-160 

1600 

1620 

-240 

2360 

l^eo 

-"00 

3880 

1960 

-840 

5500 

60  3169  938  868  114"7  .  120  260  "40  880  1240 

62   '  4136  927  1024  1220     .  180  300  840  1060  1260 

64  3630  942  "1235  1280  280  320  840  1040  1340 

66  ■  106" t  1020  14C0  1298  420  320  960  1240  1520 

.68  11962  1083  1394  1292  520  280  980  .1320  1650 

"0  13Pr0  1250  1234  1232  700  260  1100  1560  1870 

"1  141"0  1348  1288  12c9  980  200  1280  1900  2330 

"2  ]r230  131"  1376  1267  1100  -160  1360  2340  2730 

"7  3  16150  1330  1860  12"78  -    1280  -180  1430  3040  3080 

"4  1"000  1426  2820  1310  1460  -160  1600  3520  3620 

"75  1"980  —  5800  —  1620  -240  2360  6400  5950 

->Z>  13400  —  -   --  —  1"80  -"00  3880  —  65"70 

77  26000  —  —  —  1960  -840  5500  --  —      Ultimate 


•   * 

See   Figure       34  for    gage    locations. 
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Table  P. 9.   Steel  and  Concrete  Strain: 


ieam  III  T 


Lead      He.  6  Bar 
(kips)    (Mil)  at 

Support 
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10 
15 
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2  5 
30 
35 
40 
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48 
51 


•  24 
48 
74\, 

124 

160  6 
1992 
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2^13 
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(a).      (b)'      (e) 
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1~> 

,13 

2^ 
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k 


See  Figure   44    for  gage  locations 
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Table 

D. 

11.   Steel 

and 

Concrete  Strain-  -  Beam 

III 

* 

T  -  4 

Lead 
(kips) 

.lie.  6  Bar 

(MI-I)  at 

Suopcrt 

(a) 

St irrucs 
(b) 

(Mil) 

(c)    (a) 

'3"  Up 

Compression  Z 
3-1/2"  From  Su 

2"  Up    1"  Up 

one 
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1/2"  Up 
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See  Figure   46    for  gage  locations. 
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Remarks 


50 
140 
170    Flange  cracked 


200 

520 

750 

870 

1010 

1090 

1250 

1430 

1550 

1810 

2240 


Ultimate  59.2 


141 


* 
Table  D.14.   Steel  and  Concrete  Strains  -  Beam  IV  T  -  3 


Load 
(kips) 

No.  6  Bar 

(Mil)  at 

Sti 

rrups 

(Mil) 

Compression  Zone 
3-1/2"  From  Support 

Remarks 

Support 

(a) 

(b) 

(c) 

3"  Up 

2"  Up 

1"  Up 

1/; 

!"  Up 

Bottom 

5 

16 

5 

0 

0- 

0 

20 

80 

20 

50 

10  ' 

38 

17 

6 

6 

60 

60 

120 

40' 

.   140 

15 

55 

23 

6 

6 

120 

120 

160 

100 

170 

Flange  cracked 

20 

891' 

30 

6 

8 

140 

140 

200 

140 

200 

25 

1203 

29 

10 

8 

140 

"  260 

420 

420 

520 

30 

1516 

■  68 

13 

"8 

160 

300 

520 

640 

750 

35 

17  77 

214 

56 

8 

-200 

340 

'  600 

— 

870 

39 

2016 

606 

368 

20 

-  60 

320 

660 

800 

1010 

42 

2196 

728 

580 

58 

20 

280 

660 

840 

1090 

■ 

45 

2397 

746 

'842 

108 

-  20 

38*6 

7  80 

960 

1250 

48 

2633 

749 

886 

210 

20  ' 

380 

880 

1080 

1430 

51 

3244 

"752 

858 

335 

20 

400 

920 

1140 

1550 

54 

4^42 

747 

863 

.  486 

0 

400 

'980 

1360 

1810 

57 



800 

974 

706 

40 

380 

1180 

1580 

2240 

59.2 

—  — 

~~~~ 

— "~" 

'-__. 

" 

Ultimate  59. 2k 

See  Figure  56  for  gage  locations. 


